The peripheral deafness gene Mir96 is expressed in both the cochlea and central auditory circuits. To investigate whether it plays a role in the auditory system beyond the cochlea, we characterized homozygous Dmdo/Dmdo mice with a point mutation in miR-96. Anatomical analysis demonstrated a significant decrease in volume of auditory nuclei in Dmdo/Dmdo mice. This decrease resulted from decreased cell size. Non-auditory structures in the brainstem of Dmdo/Dmdo mice or auditory nuclei of the congenital deaf Cldn14 À/À mice revealed no such differences. Electrophysiological analysis in the medial nucleus of the trapezoid body (MNTB) showed that principal neurons fired preferentially multiple action potentials upon depolarization, in contrast to the single firing pattern prevalent in controls and Cldn14 À/À mice. Immunohistochemistry identified significantly reduced expression of two predicted targets of the mutated miR-96, K v 1.6 and BK channel proteins, possibly contributing to the electrophysiological phenotype. Microscopic analysis of the Dmdo/Dmdo calyx of Held revealed a largely absent compartmentalized morphology, as judged by SV2-labeling. Furthermore, MNTB neurons from Dmdo/Dmdo mice displayed larger synaptic short-term depression, slower AMPA-receptor decay kinetics and a larger NMDA-receptor component, reflecting a less matured stage. Again, these synaptic differences were not present between controls and Cldn14 À/À mice.
Introduction miRs (microRNAs) are a class of short, 19-25 nucleotide, singlestranded RNAs that are important players in RNA interferencemediated posttranscriptional gene regulation. Their canonical role is to bind the 3' untranslated region of target messenger RNAs (mRNAs) via a complementary nucleotide seed sequence to reduce mRNA stability (1) , although this may occur after an initial blockage of translation (2, 3) . Their control of gene expression represents an important layer in gene regulatory networks that orchestrates developmental processes and adult function in many animal and plant species (4) (5) (6) .
miRs have been observed in all major sensory systems, with functions as diverse as in the rest of the body (7) . Recent examples include miR-1249 and -146 in the retina, which are involved in the circadian cycle (8) , while an upregulation of miR-1, -133 and -142 is found in mouse models of inherited blindness (9, 10) . In the olfactory system, downregulation of miR-30c results in changes in morphology of the olfactory bulb (11) . Expression studies indicate a role of miRs also in pain (12) . Finally, ablation of Dicer in the entire inner ear (13) , hair cells (14) , or the central auditory system (15) revealed an essential function of miRs for proper development of both the peripheral and central auditory system.
One miR particularly associated with the auditory system is miR-96. It is part of the miR-183 cluster, consisting of miR-183, -96 and -182. The cluster is transcribed as one polycistronic transcript, with miR-96 in between miR-183 and -182 (16) . The cluster is co-expressed in end-organs and neurosensory cells therein, e.g. retina, nose, tongue, and inner ear (17) (18) (19) . In the inner ear, the miR-183 cluster is involved in hair cell development and cell fate (20, 21) . Overexpression of miR-96 or miR-182 in zebrafish leads to duplicated otocysts, expanded sensory patches and extra hair cells, whereas their knock-down results in reduction of hair cell number, smaller statoacoustic ganglion neurons, and defects in semicircular channels (20, 22) . Point mutations in the seed region of miRNA-96 cause hearing loss in man (23) and mice (24) . Functional analyses in diminuendo (Dmdo) mice, which harbor an A to T transversion in the miR-96 seed region, revealed progressive hearing loss in the heterozygous state and congenital deafness in the homozygous state (21, 24) . Hearing impairment is due to a block of functional maturation of hair cells around birth, resulting in hair cell degeneration from postnatal day (P) 7 onwards (24) . In addition to its peripheral expression, miR-96 was demonstrated to be upregulated during postnatal development in the mouse brainstem (15) and to be expressed throughout the auditory hindbrain (25) .
Several deafness genes have already been shown to play a role beyond the cochlea (26) such as the Ca v 1.3 encoding Cacna1d (27) or the two cadherin-related genes Cdhr23 and Cdhr15 (28) . Whereas Ca v 1.3 is important for survival of auditory brainstem neurons (27, 29, 30) , the two cadherins are expressed by interneuron precursors targeted specifically to the auditory cortex and their lack results in failure of the precursors to enter the embryonic cortex (28) .
To explore the possibility whether miR-96 has an additional central auditory role as well, we characterized the auditory hindbrain of homozygous Dmdo/Dmdo mice. We found alterations on the anatomical, subcellular, and electrophysiological levels. To assess the contribution of peripheral deafness to the observed changes, we included Claudin 14 knockout (Cldn14 À/À ) mice in our analysis, as these mice show peripheral congenital deafness as well (31) . Most of the identified changes within this study were restricted to Dmdo/Dmdo mice and thus reveal different effects of deafness genes on the central auditory system.
Results

Reduced volume of auditory hindbrain nuclei in Dmdo/Dmdo mice
To investigate the functional importance of miR-96 in the auditory hindbrain, we analysed the Dmdo/Dmdo mouse line harboring an A to T substitution in the seed region. To exclude a general developmental delay, brains of Dmdo/Dmdo (0.421 6 0.023 g) and wt Dmdo (0.441 6 0.045 g) mice were weighed directly after perfusion and revealed no significant difference (P ¼ 0.317). First, we probed the integrity of the cochlear nucleus complex (CNC) and superior olivary complex (SOC) in young-adult (P25-30) animals. We focused on this stage, as homozygous Dmdo/Dmdo mice often died shortly thereafter. To label the structures, we used fluorescent immunohistochemistry for VGlut1, which is strongly expressed in auditory brainstem nuclei (15, 32, 33) and a suitable marker to detect structural alterations in the auditory hindbrain (27, 30, 34) . No drastic structural alterations were observed in the CNC and the SOC of homozygous Dmdo/Dmdo mice. All major nuclei were clearly delineated in coronal sections (Supplementary Material, Fig. S1 Reduced cell size in auditory nuclei of Dmdo/Dmdo mice Structural volume reductions arise from a decrease in either cell number or soma size. To distinguish between these two possibilities, we quantified both parameters for the LSO and MNTB. We focused on these second-order auditory nuclei, as their anatomy is generally poorly affected by peripheral deafness (29, 35) , likely due to the presence of additional activity (29, 35 (Fig. 1B) . The reduction in soma size was further corroborated in the MNTB by aggrecan-labeled neurons (À29.6%, P ¼ 0.008, Student's t-test) (Fig. 1E ). These data demonstrate that the Dmdo mutation in miR-96 affects the cell size of adult auditory processing centers in the hindbrain.
Postnatal effect of the Dmdo/Dmdo mutation
To analyse the time line of these changes, we focused on the MNTB as the only clearly recognizable nucleus from perinatal stages onward in Nissl-stained sections (34, 36) . At P0, only 2-3 days after completion of migration (36) (36, 37) , these data indicate that the Dmdo mutation causes growth arrest of these neurons during postnatal development.
No anatomical changes in non-auditory nuclei and in
Cldn14
À/À mice RNA in situ hybridization data demonstrated widespread expression of miR-96 in the postnatal hindbrain ( Fig. 2A-C) (25) . To investigate, whether the observed effects were specific to auditory nuclei or were a broader phenomenon, we additionally analysed the volume of three non-auditory nuclei in the pons of young-adult mice: the tegmental pontine reticular nucleus (RtTg), the trigeminal motor nucleus (5N) and the facial nucleus (7N). All three structures expressed miR-96 at similar levels as the auditory hindbrain, as judged from the RNA in situ labeling pattern ( Fig. 2A-C (Fig. 2D ). These data point to an auditory-specific effect of the Dmdo mutation.
Despite our focus on secondary-order auditory nuclei, which are in general barely affected by peripheral deafness (29, 35, 38) , the presence of congenital deafness in Dmdo/Dmdo mice represents a concern. Potentially, the central auditory-specific changes might be caused by altered activity pattern in the auditory system (29, 39) rather than by an on-site role of miR-96 in the auditory hindbrain. To approximate the effect of peripheral deafness on the integrity of auditory hindbrain structures, we studied Cldn14 À/À mice as well. These mice exhibit congenital peripheral deafness with a similar time line of hair cell degeneration compared with Dmdo/Dmdo mice (31 (Fig. 1A) . Taken together, these anatomical data imply different effects of deafness genes on proper maturation of the CNC and SOC.
The Dmdo mutation selectively affects firing behavior in MNTB neurons
The role of miR-96 for neuronal function was assessed in principal neurons of the MNTB. We limited our recordings to the central part of this nucleus to sample from a restricted tonotopic area. Neuronal function was assayed by estimating the passive membrane properties and synaptic transmission. Passive membrane properties, such as input resistance and membrane time constant, can be approximated using a small hyperpolarizing current injection (41) . None of these properties showed a significant difference between Dmdo/Dmdo or Cldn14 Fig. S2 ). Action potential generation and waveform were assayed by a short ramp-like current injection to mimic the time course of the fast EPSC components generated by the calyx of Held (42) . Again, no difference was observed for any measured parameter between the different mouse lines (Supplementary Material, Fig.  S2 ). Thus, passive and action potential properties of secondaryorder neurons appeared unaffected by a peripheral hearing deficit (Cldn14 À/À ) as well as in mice with both peripheral and central abnormalities (Dmdo/Dmdo). MNTB principal cells are known to respond with an onset action potential to depolarizing current injections (43) . Besides onset responses, we observed sustained firing behavior in animals of each genetic background (Fig. 3) . Overall, more neurons in the Immunohistochemistry for Kv1.6, BKb2 and BKa1 in MNTB of young-adult control and Dmdo/Dmdo mice. Scale bar: 100 mm, inset scale bar 10 mm. Dorsal is up, medial is to the left. (C) Quantification of Kv1.6, BKb2 and BKa1 signals in LSO and MNTB relative to fluorescence outside the SOC area (mean 6 SEM, 9 LSO and MNTB slices from three animals for each genotype). Significant differences in relative intensities were observed between the two genotypes. Asterix denotes location of MNTB. DAPI labeling is shown in blue. (Fig. 4C ). We also tested whether the pore forming subunit BKa1 (encoded by Kcnma1) of the BK channel was affected. Similar to BKb2-ir, reduced signals were observed in the SOC of Dmdo/ Dmdo mice [LSO wt Dmdo : 3.656 0.46; Dmdo/Dmdo: 2.34 6 0.13 (À35.8%)], P ¼ 0.021 ; MNTB wt Dmdo : 3.196 0.32; Dmdo/Dmdo: 2.12 6 0.14 (À33.5%), P ¼ 0.0095 Student's t-test) (Fig. 4C ). This is in agreement with lower Kcnma1 mRNA levels in the cochlea of Dmdo/Dmdo mice (21) . In contrast to Dmdo/Dmdo mice, expression of the three channel proteins was unchanged in Cldn14 À/À mice compared with wildtype littermates (Supplementary Material, Fig.  S3 ). These data demonstrate reduced expression of potassium channels in Dmdo/Dmdo mice, which might contribute to the observed phenotype. The loss of K v 1.6 in particular might partially explains the change in the observed firing pattern as reduction of K v 1 function results in a similar change in firing pattern (30) .
t-test)
Subcellular abnormalities in the adult calyx of Held of Dmdo/Dmdo mice
Principal MNTB neurons represent the target of the giant calyx of Held synapse (47) . In order to investigate whether the Dmdo mutation affects the morphology of this synapse, immunolabeling against synaptic vesicle protein 2 (SV2) as a presynaptic marker was performed ( Fig. 5A and B) . In wt Dmdo , SV2 labeling was organized in ring-like structures resembling the previously described lobes of mature calyces (48) (Fig. 5A and B) . Fewer of these structures were present in Dmdo/Dmdo mice (wt Dmdo : 75 ring-like structures/36 calyxes, Dmdo/Dmdo: 8 ring-like structures/36 calyces). Overall, the Dmdo calyx of Held resembled a club-like structure lacking its digitform adult morphology (49) . This was confirmed by an automated cluster analysis that grouped the SV2-ir. In Dmdo/Dmdo mice, relatively large, uninterrupted clusters can be seen (Fig. 5D-F) . In contrast, wt Dmdo mice showed more structures of intermediate size ( Fig. 5C and E). Overall, these data indicate a higher organization level of the adult wt Dmdo calyx of Held compared with the Dmdo presynaptic terminals, which rather resembled immature synaptic terminals (48,50).
Short-term plasticity at high frequencies is altered at the calyx of Held
As the normal mature synaptic structure of calyces of Held is modified by the Dmdo mutation we investigated its synaptic transmission. We first quantified the miniature EPSCs (mEPSCs, Fig. 6A ) in MNTB principal neurons. mEPSCs of each recording showed a Gaussian distribution (Fig. 6A) , from which the median mEPSC amplitude was extracted. mEPSCs in Dmdo/Dmdo mice had a significantly higher median amplitude compared with their controls (wt statistically differ between animal groups (Supplementary Material, Fig. S4 ).
Evoked synaptic transmission showed a history activitydependent short-term plasticity at the calyx of Held synapses (Fig. 6C) . Using different stimulation frequencies of a 20 pulse train, the short-term plasticity of fast synaptic transmission was assayed at near physiological external calcium concentrations. We observed similar evoked EPSC amplitudes in all animal types tested, despite the difference in mEPSC amplitude (wt Dmdo , n ¼ 13, Dmdo/Dmdo, n ¼ 11; P ¼ 0.70; wt Cld , n ¼ 11 and Cldn14 À/À , n ¼ 10; P ¼ 0.67) (Fig. 6D) . This similarity combined with the difference in mEPSC size suggests that a different quantal content is liberated by a single pre-synaptic action potential. Estimates from our average data indicate that about 13% less vesicles per presynaptic action potential are rapidly released in Dmdo/Dmdo synapses compared with wt Dmdo .
To closer analyse short-term plasticity, we analysed the change in EPSC size normalized to the first response (Fig. 6E) . For stimulation frequencies below 500 Hz, no significant difference was found between wt Dmdo and Dmdo/Dmdo mice at the level of steady state depression (Fig. 6F ). Only at stimulation frequency of 500 Hz was the depression significantly larger in Dmdo/Dmdo (n ¼ 13) synapses compared with control (n ¼ 13) (P ¼ 0.0305, Fig. 6E and F) . Such a difference in the short-term depression was not apparent between Cldn14 À/À (n ¼ 13) and control (n ¼ 12) animals (P ¼ 0.4471, Fig. 6D and F) . Since the level of synaptic depression was stronger in Dmdo/Dmdo animals despite the same initial EPSC amplitude we reasoned that the overall synaptically generated current should be smaller. We calculated therefore the synaptic current that can be generated at the onset of stimulation (51) . This analysis confirmed that Dmdo/Dmdo calyx of Held synapses generated an initially smaller synaptic drive compared with controls ( Fig. 6G) . This difference should translate into even a larger difference of a readily releasable pool estimate since mEPSCs were found to be larger in Dmdo/Dmdo synapses. Using our average data, we estimated that the apparent readily releasable vesicle pool is about 48% smaller in Dmdo/Dmdo compared with synapses from control animals. Such a difference in the apparent readily releasable pool was not observed between Cldn14 À/À and their littermates (Fig. 6D-F) . Thus, deafness genes differentially affect electrophysiological properties of auditory hindbrain neurons.
Evoked synaptic transmission at the calyx of Held is affected by the Dmdo mutation
At the calyx of Held synapse the speed of fast glutamatergic transmission depends on AMPA-receptor (-R) subunits (52, 53) and the structure of the synapse itself (54, 55) . NMDAR subunits become developmentally down-regulated (56), with a small residual component remaining in matured synapses (57) . Since morphological changes induced by the Dmdo mutation suggested arrested synapse development, the time course and current components of evoked transmission were investigated. Afferent fibers were stimulated with a single pulse and postsynaptic step potentials were used to generate synaptic current-voltage relationships (Fig. 7A) . The fast synaptic decay kinetics of presumable AMPAR currents recorded at -70 mV were fitted bi-exponentially. The fast decay time constant was significantly slower in Dmdo/Dmdo mice (n ¼ 8) compared with littermates (n ¼ 11) cells (wt
Dmdo
: s fast 173 6 12 ms, Dmdo/Dmdo: s fast 293 6 19 ms, P ¼ 0.000031; Fig. 7D ).
Detailed analysis of the current-voltage relations revealed a difference in the amplitude of the slow, presumably NMDAR dependent component (Fig. 7A-C) . The calculated NMDA/AMPA ratio (Fig. 7E ) differed significantly between Dmdo/Dmdo (n ¼ 9) and control (n ¼ 11) synapses (wt Dmdo : À0.111 6 0.011; Dmdo/ Dmdo mice: À0.044 6 0.004; P ¼ 0.0000036). In contrast, we observed no differences in either the fast AMPAR current component or in the NMDA/AMPA ratio between Cldn14 À/À (n ¼ 10) : À0.042 6 0.009, P ¼ 0.387) ( Fig. 7D and E) . Taken together, glutamatergic synaptic currents in matured Dmdo/Dmdo MNTB neurons were slower based on slower AMPAR current decay kinetics and the presence of a significantly larger NMDAR component. The synaptic phenotype of Dmdo/Dmdo animals resembles therefore an immature stage (56) (Fig. 8) . Furthermore, synaptic transmission appeared unaltered in MNTB principal cells of Cldn14 À/À mice.
Discussion
Here, we report that a mutation in miR-96 results in altered anatomy, morphology, neurotransmission, and gene expression in central auditory neuronal populations. The overall phenotype indicates a developmental arrest. These changes were not observed in another mouse model with peripheral deafness and also differ from previously described changes in the auditory hindbrain of other deaf mouse lines (39) . Thus, the Dmdo mutation in miR-96 entails specific alterations in central auditory circuits. Our data furthermore corroborate the specific susceptibility of the auditory system to mutations in miR-96 despite its widespread expression.
Developmental arrest
Most of the reported alterations in Dmdo/Dmdo mice point to developmental arrest (Fig. 8 ). This is indicated by the smaller size of LSO and MNTB neurons at P25 ($25% reduced cross sectional area). The cross-section area of LSO and MNTB neurons usually increases $1.5 and $2.5 fold, respectively, during the first month of life in mice (37) . The shape of the Dmdo/Dmdo calyx of Held likely represents another impaired maturation process. The mature calyx of Held is organized into small volume units, so-called stalks and swellings (58) , which form during development. The large cluster volume and decreased size of clusters in Dmdo/Dmdo mice at P25 resembles closely the reported immature state prior to hearing onset (50) . These morphological differences are accompanied by marked differences in biophysical and synaptic properties. Mouse MNTB neurons shift from a predominantly tonic firing behavior upon current injection to a phasic firing behavior within the first week of life (36), the NMDAR currents and the decay time of AMPAR and NMDAR currents decline by 70% and 30%, respectively, between P5 and P13 (56) , and the releasable vesicle pool increases (59). These characteristic processes of functional maturation are all less prominent in Dmdo/Dmdo mice. Strikingly, this effect of arrested development is reminiscent of the functional consequences of the Dmdo mutation in the cochlea, where it blocked physiological and morphological differentiation (21) (Fig. 8 ). This was evidenced by the lack of the large conductance Ca 2þ activated K þ current in adult hair cells and impaired synaptic maturation. Furthermore, hair cells failed to grow after birth and microvilli had not been completely reabsorbed (21) . Thus, both the auditory periphery and the central auditory structures show a failure in functional maturation in Dmdo/Dmdo mice. It would be interesting to analyse whether the maturation is only delayed or arrested. Unfortunately, a high mortality rate of Dmdo/Dmdo mice at ages > 1 month prevented this type of analysis. 
Possible cause of structural and functional alterations in Dmdo/Dmdo mice
The close resemblance in phenotype, i.e. developmental impairment, suggests at first that the changes in the auditory hindbrain are the result of peripheral deafness. Cochlear ablation was shown to result in significant cell loss in the CNC (60, 61) and also can cause electrophysiological and molecular changes (39) . Yet, none of the changes observed in Dmdo/Dmdo mice were present in the congenitally deaf Cldn14 À/À mice. This mouse line shows a similar time line of hair cell degeneration as reported for Dmdo/Dmdo mice. Already at P10-P13, outer hair cells were missing throughout the cochlea (31) . Furthermore, auditory brainstem responses demonstrated deafness by the third week of life (P15-P17) (31) . A minor impact of peripheral deafness on second-order auditory structures is supported by analyses in the congenitally deaf dn/dn mouse line (62) . These animals harbor a point mutation in the Tmc1 gene, which results in the absence of spontaneous activity in the auditory nerve (39, 63) . Despite this drastic alteration, the development of large calyceal synapses is undisturbed (63) and no anatomical changes were reported in second-order auditory structures despite changes in the VCN (39, 64) . Similarly, lack of synaptic transmission in the inner ear of mice lacking VGlut3 caused no structural alterations in the SOC (38, 38, 65) . Thus, genetically caused peripheral deafness has only a minor impact on the gross development of mouse secondary-order auditory neurons such as those of the SOC (29, 35) . It is therefore more plausible that the changes in the Dmdo/Dmdo mice reflect an on-site role of the miRNA in the central auditory system and that miR-96 is an addition to the list of deafness genes with a role beyond the cochlea (26) . This is also supported by our bioinformatics analysis, which predicted novel K v encoding mRNA targets of the Dmdo mutation expressed in the auditory hindbrain. However, to definitely answer this question requires the analysis of conditional knockouts, as was done for Ca v 1.3 (27, 30) . Independent of the site of action, our data clearly demonstrate differences on the anatomical and functional level between deaf Dmdo/Dmdo and Cldn14 À/À mice. This diversity of dysfunctions in central auditory pathways will likely contribute to the observed variation in auditory rehabilitation in cochlear implant carriers (26) .
As a side note, we also observed strain-specific differences. This included a larger LSO, a higher median amplitude of mEPSCs, and a faster decay time in wt Dmdo compared with wt Cldn . These differences might obscure the detection of altered phenotypes in either of the two mouse lines. However, we consider this highly unlikely. In an anatomical analysis of the role of CrygN, wt mice show a smaller LSO than wt Dmdo animals, nevertheless, a significant 7% reduction was observed in CrygN Egr2 knockout mice (66) . Concerning the electrophysiological differences, a change in the fast decay time should be easier to pick up in wt Cldn mice due to their slower decay. Therefore, we are confident that the differences between the strains have no impact on our results.
Genetic mechanism
Mutations in the seed region of miRNAs can alter gene expression by loss-of-function or gain-of-function. Loss-of-function results from the inability of the mutant miRNA to bind and to repress mRNAs, as the altered seed region will not recognize them. Alternatively, mutant miRNAs gain new functions by addressing new mRNA populations. In the inner ear, the effects of mutated miR-96 likely represent a loss-of-function since different mutations in miR-96 result in the same phenotype (23, 24) . Our expression analysis of K v channels in combination with electrophysiological data indicates that at least part of the observed phenotype in the auditory hindbrain is caused by a gain-offunction. Bioinformatic analysis suggests K v 1.6 is a novel target of mutated miR-96. The observed reduction of immunohistochemical signals is compatible with a direct repression of the Kcna6 mRNA by the Dmdo mutation. This is supported by the unchanged expression of the channels in Cldn14 À/À mice. Their lower expression in Dmdo/Dmdo mice might in turn contribute to the observed trend of tonic firing behavior of MNTB neurons. Pharmacological block of low-voltage K þ channels resulted in an increase of neurons with multiple firing behavior in both the MNTB (36, 67) and LSO (30) ; and in Ca v 1.3 À/À mice, such a change in firing pattern was associated with decreased expression of the related K v 1.2 (30) . Furthermore, developmental increase in the expression of low-threshold K v channels such as K v 1.1, K v 1.2 (36) or K v 1.6 (44) parallels the shift from tonic to phasic firing behavior (36) . The observed changes in expression level of K v 1.6 in Dmdo/ Dmdo mice are $10% and thus moderate. As our quantification was performed on entire nuclei and not on single cells, it will be interesting in further studies, whether this percentage holds also true for individual neurons and whether there is variation between cells. In general, changes in immunohistochemistry, as observed for the glycine transporter GlyT2 and the glutamate decarboxylases GAD65/67 in Ca v 1.3 À/À (68), phosphorylated K v 3.1b (69) , or Rim1 in Piccolo mutant mice (70) have been already associated with functional changes. In case of Rim1, reduction in fluorescence intensity was in a similar range (<15%) as observed for K v 1.6. To gain further insight into the genetic mechanism, mice lacking the entire microRNA183/-96/-182 cluster will represent a useful tool (19) .
Auditory-specific role of miR-96
Our comparative anatomical data point to a requirement of miR-96 function specifically in the central auditory system. Although this miRNA is broadly expressed in the hindbrain, volume reductions were only observed in auditory structures. We do not claim that miR-96 has no relevant physiological functions in non-auditory neurons, as we did not investigate this issue. Yet, a restriction to the auditory part is in agreement with the striking observation that mutations in miR-96 are not critical for vision (23) despite strong expression of miR-96 in photoreceptors, bipolar and amacrine cells (16, (71) (72) (73) . Similarly, the peripheral deafness gene Cacna1d, encoding the L-type Ca 2þ channel Ca v 1.3, was shown to be specifically recruited to the auditory pathway. Its constitutive absence reduces the volume of auditory hindbrain nuclei (27, 30) , whereas the remainder of the brainstem, which also expresses the channel, is unchanged (30).
Thus, it appears that the peripheral deafness genes miR-96 or Cacna1d show functional specificity for the auditory system or that non-auditory structures express additional molecules with functional redundancy to miR-96 or Ca v 1.3. Overall, our study reveals that the Dmdo mutation affects development and function of auditory hindbrain circuits on multiple levels. The observed differences between Dmdo/Dmdo and Cldn14
À/À mice demonstrate a striking diversity in functional consequences associated with peripheral deafness genes. This will add to the known complexity of phenotypes associated with deafness which will impact auditory rehabilitation (26).
Materials and Methods
Animals
All protocols were in accordance with the German Animal Protection law and approved by the local Animal Care and Use Committees (LAVES, Oldenburg, Regierung von Oberbayern) in accordance with the German law. Protocols also followed the NIH guide for the care and use of laboratory animals. Dmdo/ Dmdo (24) and Cldn14 À/À mice (31) were described previously.
Dmdo/Dmdo were bred on a C3HeB/FeJ background, Cldn14
À/À mice were bred on an NMRI background.
Statistical planning procedure
For the statistical planning procedure G*Power 3 was used (74) . For identification of effects with a biological meaning d ¼ effect size after Cohen was determined as at least 3.5 for studies comparable to ours. Therefore, we used a d-value of >3.5 for our statistical planning procedure prior the experiments, which gave us a N of 3.
Immunohistochemistry and Nissl-staining
Mice were deeply anesthetized with chloral hydrate (700 mg per kg body weight i.p.) and perfused transcardially with 0.01 M phosphate-buffered saline (PBS, pH 7.4), followed by 4% PFA (4% paraformaldehyde in 0.1 M phosphate buffer). Brains were removed and stored in fixative overnight at 7 C. After incubation in 30% sucrose/PBS for cryoprotection, specimens from the brain were stored at À80 C until needed. Cross sections of 20-mm thickness were cut on a cryostat (Leica Biosystems, Wetzlar, Germany) and sections stored at À80 C until used. Fluorescent immunohistochemistry was performed as described previously (34, 75 Nissl-staining was performed on consecutive 30-mm-thick coronal sections. The volume of auditory nuclei was calculated by multiplying the outlined area with the thickness of each section. Analysis was carried out blind to the respective genotype. Sections were analysed using ImageJ. Statistical analysis was performed using Student's t-test after positive testing for Gaussian distribution of the datasets with SPSS Version 21.0 (IBM Corp., Armonk, New York, USA). Analysis was carried out blind to the respective genotype. For SV2 cluster analysis, grayscale images were converted into binary images and the Density Based Spatial Clustering of Applications with Noise (DBSCAN) approach (76) was applied to group the points into clusters.
RNA in situ hybridization
A PCR product was generated using the primers 5-CCAG TACCATCTGCTTGGC -3 and 5-GGTAAGCCACTGATGGTAGG-3 and subsequently cloned into pGEMT easy (Promega, Fitchburg, USA). This primer pair amplifies a 401 nucleotide-long product, encompassing the entire miR-96 pri-microRNA as well as a part of miR-183. A sequence verified clone was used as a template for transcription of RNA in situ hybridization probes in the presence of digoxigenin-11-UTP (Roche Applied Science, Mannheim, Germany). Coronal 20-mm-thick coronal cryosections were cut on a cryostat (Leica, Wetzlar, Germany) using 4% PFA (in 0.1 M phosphate buffer) fixed brains. After 8 min proteinase K treatment (10 lg/ml) and 10 min deacetylation (12.5 ll acetate anhydride in 5 ml 0.1 M Triethanolamin þ 0.9% NaCl), slices were incubated in hybridization buffer [50% formamide, 25% 5x saline-sodium citrate (SSC) buffer, 2% blocker (Roche Applied Science, Mannheim, Germany], 0.1% N-laurylsarcosine (Sigma Aldrich, St. Louis, USA), 0.02% sodium dodecyl sulfate (SDS)) for 1 h, followed by an incubation overnight with the probe (1 mg/ml hybridization buffer). Both steps were performed at 50 C. After washing for 30 min each at 45 C with 2xSSC, 0.5xSSC and PBS-1%-Tween, slices were incubated for 1 h with blocking solution [1% blocking reagent (Roche Applied Science, Mannheim, Germany)] in maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) at room temperature (RT), followed by incubation with anti-digoxigenin antibody conjugated to alkaline phosphatase (Roche Applied Science, Mannheim, Germany) (1: 1000 in blocking solution) for 1.5 hrs at RT. Detection occurred with the substrate NBT/BCIP Stock Solution (Roche Applied Science, Mannheim, Germany) diluted 1: 50 in AP-Buffer (100 mM Tris, 150 mM NaCl, 5 mM MgCl 2 , pH 9.5) at RT. Sense probes served as negative controls.
Electrophysiology
All in vitro electrophysiology experiments were approved by the Regierung von Oberbayern in accordance with the German law (Tierschutzgesetz) governing animal welfare. Mice were deeply anesthetized with isoflurane and after decapitation brains were rapidly removed in ice cold solution containing (in mM): 50 sucrose, 25 NaCl, 27 NaHCO 3 , 2. Patch pipettes of 3-3.5 MX resistance were pulled from borosilicate glass capillaries using a DMZ Universal Puller (Zeitz Instruments, Germany) and filled with an intracellular solution. Recordings were performed with an EPC10/2 amplifier (HEKA Elektronik, Germany) with a sampling frequency of 50-100 kHz and filtered at 30 kHz. In voltage-clamp experiments, access resistance was compensated to a residual of 3 MX and cells were clamped to À60 mV if not stated otherwise. For current-clamp recordings the bridge balance was set to 100%.
Membrane time constant and input resistance were extracted from mono-exponential functions fitted to the onset and the maximal deflection of the average voltage response to a 200 ms long À5 pA hyperpolarizing current injection (41) . The firing behavior of MNTB principal neurons was characterized in response to 300 ms-long current injections, incremented in 100 pA steps from À200 to 1000 pA. Action potential properties were calculated from the first supra-threshold event evoked by an increasing current injection approximating the time course of evoked EPSCs (42) . This current ramp consisted of a 200 ms rise and 450 ms decay time and was incremented with 100 pA. Synaptic inputs were stimulated with a concentric bipolar electrode (FHC, USA). A 200-ms biphasic voltage pulse with adjustable stimulation strength was triggered by the amplifier and conveyed by an isolated pulse stimulator (Model 2100, A-M Systems, USA). To activate fibers with calyx of Held synapses the stimulation electrode was placed medial to the MNTB. Excitatory inputs were pharmacologically isolated by adding 10 mM SR-95531 and 1 mM strychnine. Synaptic evoked currentvoltage relations were recorded at step potentials between À70 and þ50 mV incremented with 10 mV steps. Miniature postsynaptic currents were measured in the presence of 1 mM TTX. Electrophysiological data were analysed in IGOR Pro (WaveMetrics, USA), Microsoft Office Excel (Microsoft, USA) and GraphPad InStat (GraphPad Software, USA). Results are presented as mean 6 standard error of the mean (SEM). Data were tested for normality using a Shapiro-Wilk test. Statistical significance was determined by a paired two-tailed Student's t-test with a significance level of P < 0.05. Steady state depression was calculated from the averages of the normalized responses of the last three stimulation pulses.
Bioinformatic miRNA target prediction
Putative targets for miR-96 were predicted by the following bioinformatics programs: TargetScanMouse (Release 6.2, www.tar getscan.org/mmu_61), miRanda (http://www.microrna.org/ microrna/home.do) and PITA (https://genie.weizmann.ac.il/ pubs/mir07/mir07_dyn_data.html). The output was intercrossed and genes that were predicted by all three programs were considered. Potential targets of the mutated miR-96 expressed in Dmdo were retrieved from an alternative program, TargetScanMouse Custom (Release 5.2, http://www.targetscan. org/mmu_50/seedmatch.html) (77) , where the seed sequence (UUGGCUC) was used in the search option.
To identify candidates responsible for the altered electrophyisological properties in Dmdo/Dmdo mice, we examined the expression of voltage gated potassium channels (KCN). A list of human KCN genes was extracted from the HUGO Gene Nomenclature Committee (HGNC) website (http://www.gene names.org/genefamilies/KCN) and genes names subsequently converted to the equivalent mouse names. Finally, potential targets of both miR-96 and Dmdo were compared with the mouse Kcn genes.
Cluster analysis
Cluster analysis was performed to find connected structures of pixels of SV2-labeled calyces of Held. To compensate for differences in fluorescence intensities, brightness values of pixels were initially normalized by the 99 percentile. The resulting grayscale images were converted into binary images by the Floyd-Steinberg algorithm (78) . In this approach, rounding errors in converting a grayscale pixel to either the color white or the color black are distributed among the adjacent pixels. This way, the average brightness within a region of an image stays the same. In the binary image bright areas now have high densities of white pixels whereas darker areas have lower densities. Hence, opposed to a conversion to binary images by threshold, more information about the brightness values is conserved. In the resulting images we now consider the set of white pixels as points for the clustering algorithm. Distances between points directly result from the pixel positions in the image. We then used the DBSCAN approach (76) to group the points into clusters as an indicator in analysing structure in the different images. DBSCAN takes two parameters, a radius e and a number of points N p . A point i is declared a core point if at least N p points j with a distance d i;j e to it can be found in the data set. Neighboring core points are assigned to mutual clusters. Noncore points within reach of a core point, i.e. with distance de are assigned to the same cluster as the core point. Points that are neither core points nor within reach of a core point are considered noise and not assigned to any cluster. This leads to larger clusters by transitive closure of neighborhoods in high-density areas separated by low-density areas lacking core points. 16 to 18 images per mouse were used each showing between one and three cells.
Supplementary Material
Supplementary Material is available at HMG online.
